wo 2004/091096 PCT/IB2004/001009 



Digital amplifier 
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The present invention relates to the field of digital amplifiers which 
directly convert digital signals to a power output. More specifically, the present 
invention relates to a digital amplifier, to a switching-timing corrector for correcting 
switching timing errors of switches of a bridge of a digital ampUfier and to a method of 

10 correcting pulse-timing errors of switches of a bridge of a digital amplifier. 

Several types of power-ampUfier output stages have been developed. 
Conveniently, they were labeled as, e.g. class A ampUfiers, class B ampUfiers and class 
C amplifiers. More recently, class D ampUfiers appeared. Class A, B, AB, and D are 
common in low-frequency audio designs and have some appUcations in other areas, 

15 such as servo-motor drives and RF amplification. Class C, class E and F types are 
usually only used in KF applications. 



Li recent years, in particular the class D amplifiers have become 
20 increasingly popular due to their drastically improved efficiency in contrast to the 
generally employed class AB linear amplification technology. Class D amplifiers are 
generally described in Carsten Nielsen, '*High Fidelity PWM based AmpUfier Concept 
for Active Speaker Sj^tems with a very low Energy Consumption", (100* AES 
Convention, Copenhagen, May 1996, pre-print 4259), which is hereby incorporated by 
25 reference. 

The development of class D amplifiers represents an effort to improve 
amplifier efficiency. Similar in scheme to a switching regulator, a class D amplifier, 
pulse-width-modulates the audio-input signal with a higher frequency square wave so 
that audio-signal information becomes the variations in pulse- width of the modulative 
30 signal. This modulation signal feeds a set of half bridge switches, usuaUy caUed EE- 
bridges, and each H-bridge consists of two power MOSFETs. Unlike with class A or B 
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structures, ttie amplifier load or the loudspeaker is placed across the legs of the bridge 
instead of firom the output to the ground. This configuration allows the amplifier to 
reproduce low-frequency signals as low as 20 Hz without requiring bipolar power 
supplies or without introducing a DC of&et in the output. 

5 In spite of becoming more and more popular, class D audio amplifiers are 

known for their poor distortion characteristics. Attempts were made to filter the 
modulated output to remove high-frequency signals and recover the amplified input 
signals. Filter configurations such as two-pole Butterworfli filters, two-pole Chebyshev 
or two-pole Bessel filters are known which either did not deliver satisfying results or 

10 caused significant efforts and costs. 

It is an object of the present invention to reduce distortions in digital 

amplifiers. 

15 As used herein, the term "digital amplifier^' applies to an amplifier which 

directly converts to a power output. 

According to an exemplary embodiment of the present invention, the 
above object may be solved with a digital amplifier comprising a half bridge system 
with switches and a switching-timing correction circuit. An input signal and an output 

20 signal of the switches is applied to the switching-timing correction circuit. According to 
an aspect of the present invention, the switching-timing correction circuit corrects 
switching timing errors of the switches on the basis of pulse-timing errors of the input 
signal of the switches and the output signal of the switches. 

According to an aspect of the present invention, it has been found out 

25 that a significant portion of the distortions of the digital amplifier are caused by pulse 
distortions by the switches in the power stage. In particular, according to the present 
invention it has been found that in the area of pulse distortions, the dead time of the 
switches is the donunant influencing factor causing unwanted distortions. 

Accordingly, with the present invention as described above, a direct 

30 compensation of switching-timing errors such as a dead time behavior of the switches is 
directly compensated which allows to reduce the total harmonic distortion (THD) of the 
digital amplifier according to the present invention in a simple manner. In the case of a 
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PWM amplifier with the switching-timing correction according to the present invention, 
advantageoiisly, only a reduced feedback is required to reach satisfying THD figures. 

Deadtime can also vary with the current in the switches, because current 
decay in the body diode may lead to variations in the oflF-time of a switch. Also, these 
5 variations may be compensated with the device/method of the present invention. 

Accorxling to known solutions where a dead time of the switches is 
attempted to mindmize by circuit adjustments, where costly trimming on every end stage 
is required, the present invention allows to make such individual t rimming of every end 
stage superfluous. Furfheraiore, according to the present invention, variations over time 
10 and temperature may be compensated for. 

According to an exemplary embodiment of the present invention as set 
forth in claim 2, the switching-timing of the switches is corrected by delaying at least 
one of a rising edge and a falling edge of a pulse of the input signal. This allows for a 
simple and quick correction of the timing errors. 
1 5 According to another exemplary embodiment of the present invention as 

set forth in claim 3, an on/off difference between an on delay of a pulse supphed to the 
switches and an off delay of the pulse response output by the switches is used for 
generating an error signal, which error signal is used for correcting the switching-timing 
errors of the switches. This exemplary embodiment of the preset invention allows for a 
20 very simple circuit configuration for determining the pulse-timing errors of the 
switches. 

According to another exemplary embodiment of the present invention as 
set forth in claim 4, the error signal is gen^ted from one switching cycle and 
influences switching edges of a subsequent switching cycle, such as for example of the 
25 directly following cycle. 

According to another exemplary embodiment of the present invention as 
set forth in claim 5, a sub-harmonic injection is reduced by averaging an error signal 
corresponding to the pulse-timing errors of the switches over a pre-determined number 
of switching cycles. Advantageously, this may allow to reduce distortions in the output 
30 signal of the digital ampUfier almost completely. 

According to another exemplary embodiment of the present invention as 
set forth in claim 6, a very simply and rehable circuitry for generating the error signal is 
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provided which allows to produce the digital amplifier according to the present 
iavention at low costs. 

According to another exemplary embodiment of the present invention as 
set forth in claim 7, a switching-timing corrector is provided for correcting switching 
5 timing errors of switches of a bridge of a digital amplifier. The switching-timing 

corrector according to this exemplary embodiment of the present iavention comprises a 
pulse edge delay detector for detecting and on/ofif difference between on-delay of a 
pulse supplied to the switches and an ofiP-delay of the pulse response output by the 
switches. On the basis of this on/ofif difference, an error signal is generated, used for 
10 correcting switching-timing errors of the switches by delaying.at least one of the a rising 
edge and a falling edge of the input signal of the switches. Such switching-timing 
corrector according to the present invention may advantageously be provided to an end 
stage of a digital amplifier to reduce distortions of the output signal of the amplifier. 

Claims 8 to 10 provide for exemplary embodiments of the switching- 
1 5 timing corrector according to the presCTt invention, having a simple and reUable circuit 
configuration, which allows for production of the switching-timing corrector according 
to the present invention at low costs. According to an aspect of the present invention, 
the switching-timing corrector according to the present invention may be provided on 
the same module or integrated circuit IC as the digital amplifier. 
20 Claims 1 1 to 14 provide for exemplary embodiments of a method for 

correcting pulse-timing errors of switches of a bridge of a digital amplifier, which allow 
for an operation of the digital amplifier with reduced distortions and a reduced total 
harmonic distortion (THD). 

It may be seen as the gist of an exemplary embodiment of the present 
25 invention that according to the present invention a kind of measuring circuit is provided 
for measuring switching delays of the switches of the bridge configuration of the digital 
amplifier and a compensation circuit, which allows to compensate for these distortions 
by modifying the switching delay of the power stage. By this, the output pulse duration 
is corrected to reflect more correctly the input duty cycle. Variations in the switching 
30 time, due to device property spread, aging, current and temperature may be corrected in 
a simple manner. 

These and other aspect of the present invention are apparent and will be 
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elucidated with reference to the embodiments described hereinafter and with refarence 
to the following drawings. 



5 Fig. 1 shows a schematic diagram of an exemplary embodiment of a 

digital amplifier according to the present inveation comprising an 
exemplary embodiment of a switching-timing corrector according to ttie 
present invention. 

Fig. 2 is a timing chart of an input signal and an output signal of the end 
10 stage of the digital amplifier of Fig. 1 for fimher explainmg an aspect of 

the present invention. 

Fig. 3 shows a simplified schematic diagram of an exemplary 
embodiment of a switching-timuig corrector according to the present 
invention as it may be used in the digital amphfier depicted in Fig. 1 . 

15 Fig. 4 shows a simpUfied circuit diagram of an exemplary embodiment 

of an error signal generator according to the present invention as it may 
be used in the switching-tinung corrector depicted in Fig, 3. 
Fig. 5 shows a timing chart to fixrther explain an exemplary embodiment 
of an op^tion of the error signal generator depicted in Fig. 4. 

20 Fig. 6 shows a simplified circuit diagram of a switching-timing 

correction circuit according to an exemplary embodiment of the present 
invention as it may be used in the switching-timing corrector depicted in 
Fig. 3. 

25 

In the following, exemplary embodiments of the present inv^tion will 
be described with reference to the Figures. In the following description, reference is 
made to class D ampUfiers, to which the present invention may be ^pUed. Class D 
amplifiers usually have a fiill bridge usually referred to as H-bridge. In spite of the fact 
30 that the present invention is described with reference to exemplary embodiments of 
class D amplifiers, it is apparent to the skilled person that the present invention is not 
Umited to class D amplifiers, but is appUcable to any kind of digital amplifier, where 
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distortions are caused by switching-timing errors of the switches used in the digital 
amplifier. The present invention is also applicable to half bridge architectures. 

Fig. 1 shows a simplified schematic block diagram of a first exemplary 
embodiment of a digital amplifier according to the present invention for convertmg an 

5 audio signal to a power output. The digital amplifier depicted in Fig. 1 is a class D 
amplifier. Reference mmieral 2 in Fig. 1 designates an audio source, which outputs an 
analog audio signal to a modulator 4. The modulator 4 pulse-width modulates the audio 
signal with a higfh firequmcy square wave, so that the signal 14 output at the output of 
the modulator 4 includes the audio-signal information as variations in pulse-width of 

10 the modulated signal. This modulated signal 14 feeds an end stage 6, usually a set of 
half bridge switches such as H-bridges. Usually, each H-bridge consists of two power 
MOSFETs. The output signal 16 of the end stage 6 is fed into a filter 8 for filtering the 
signal before the output signal of the filter 8 is applied to a loudspeaker 10. Unlike with 
class A or B structures, the amplifier load, i.e. the loudspeaker 10 is connected across 

IS the legs of the bridge of the end stage 6 instead of firom the output to the ground. It has 
to be noted that the present invention may also be implemented in class D half bridge 
architectures. In case the present invention is applied to class D half bridge 
architectures, the speaker is then connected to half supply or by means of a series 
capacitance. 

20 Reference numeral 12 designates a switching-timiag corrector PEC 

according to an exemplary embodiment of the present invention for correcting 
switching-timing errors of the switches of the end stage 6 on the basis of the pulse- 
timing errors between the input signal 14 of the end stage 6 and the output signal 16 of 
the end stage 6. For this, as maybe taken fi:om Fig. 1, the signals 14 and 16 are fed into 

25 the switching-timing corrector 12 and as indicated by arrow 1 8. The switching-timing 
corrector 12 corrects pulse-timing errors of the switches of the end stage 6 on the basis 
of the iiq)ut signal 14 and the output signal 16. 

Fig. 2 shows a simplified timing chart where the input signal 14 of the 
end stage 6 and the output signal 16 of the end stage 6 are sketched for fiirther 

30 explaining an aspect of the present invention. In particular, in Fig. 2 there is shown a 
pulse 24 of the input signal 14 and its pulse response of the end stage 6, namely the 
pulse 26 of the output signal 16. Fig. 2 shows that the rising edge 30 of the pulse 26 is 
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delayed with respect to the rising edge 28 of the pulse 24 by an on-delay 20. Also, the 
falling edge 34 of the pulse 26 is delayed with respect to the falling edge 32 of the pulse 
24 by an off-delay 22. 

As mentioned above, the information of the audio signal is coded into the 
5 pulse-width of the signal 14. Thus, distortions in the duty cycle of the output signal 16 
with respect to the input signal 14 cause distortions of the amplifier. In other words, in 
case the on-delay 20 has the same size as the ofiT-delay 22, no distortions are caused in 
the output signal 16, However, as is the case in Fig. 2, usually the switches in the end 
stage 6 cause on-delays 20 which are different to off-delays 22. 

10 According to the present invention, the switching-timing corrector 12 

measures this on/off delay difference, i.e. the length difference of the on-delay 20 and 
the off-delay 22 and uses this on/off delay to compensate or correct the output signal 16. 
In particular, according to an aspect of the present invention, the on-delay is shifted for 
compensating the output signal 16. 

15 The measurement of the on/off delay difference between the on-delay 20 

and the off-delay 22 may be carried out in a digital set-up by means of up/down 
counters as well as in a linear implementation by the charging and discharging of a 
capacitor. In case a digital system is applied to high fi^uency switching systems, the 
time resolution has to be adapted accordingly. 

20 In the following, an exemplary embodiment of a switching-timing 

corrector 12 is described with reference to Fig. 3, which shows a simplified circuit 
diagram of a switching-timing corrector according to an exemplary embodiment of the 
present invention. For the sake of simplicity, the same reference numerals are used as in 
Fig. 1 to designate the same or corresponding elements. 

25 The switching-timing corrector depicted in Fig. 3 consists of an error 

signal generator 40 and a switching-timing correction circuit 48, which in this case is 
incorporated in the same module or IC as the end stage 6. The input signal 14 is provide 
to the switching-timing correction circuit 48 and to the error signal generator 40. In the 
error signal generator 40, the input signal 14 is provided to an off-delay measurement 

30 circuit 42 and to an on-delay measurement circuit 44. The output signal 16 of the end 
stage 6 is also provided to the error signal generator 40 where it is provided to the off- 
delay measurement circuit 42 and to the on-delay measurement circuit 44. The on-delay 
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measurement circuit 44 determines the on-delay 20 as depicted in Fig. 2. The off-delay 
measurement circuit 42 determines the off-delay 22 as depicted in Fig. 2. The off-delay 
measurement circuit 42 provides the off-delay to a difference determinator 46, such as a 
subtracter, which also receives the on-delay measurement from the on-delay 

5 measurement circuit 44. 

The subtractor 46 provides the on/off difference between the on-delay 20 
and the off-delay 22 to the switching-timing correction circuit 48, which corrects the 
switching-timing in the following switching cycle. In detail, the switching-tiuEning 
correction circuit 48 increases the on-delay of the subsequent rising edge 28 of the input 

10 signal 14 and provides the manipulated mpuX signal 14 to the half bridge 50 including 
the switches, such that the output signal 15 has the same duty cycle as the input signal 
14. 

In other words, in the switching-timing corrector depicted in Fig. 3, the 
difference of the on-delay and the off-delay is determined by means of the error signal 

15 generator 40. This information is used to control the switching-timing generator circuit 
48, which increases the on-delay 20 of a subsequent pulse of the input signal 14. 
According to an aspect of the present invention, the switching-timing correction circuit 
48 shifts only the on-edge, which is sufficient for the case depicted in Fig. 2, where the 
off-delay 22 is greater than the on-delay 20. However, if the off-delay of the end stage is 

20 inherently shorter than the on-delay 20, an off-delay increasing circuit may be provided 
in the switching-timing correction circuit 48 to shift the off-edge. According to another 
aspect of the present invention, a switching-timing correction circuit 48 may be 
provided for shifting the on-edge and the off-edge of the pulses of the input signal 14. 
Instead of performing a shift of the switching edges of a subsequent switching cycle on 

25 the basis of measurements fcom one switching cycle as described above, according to an 
aspect of the present invention, it is also possible to perform on-delay and off-delay 
measurements over a pre-determined number of switching cycles and to average these 
measurements by means of an averaging circuit. The averaged measurements are then 
used for compensation. Advantageously, this may reduce sub-harmonic injections. 

30 In the following, with reference to Fig. 4, an exemplary embodiment of 

the error signal generator for outputting the error signal to the switching-timing 
correction circuit 48 will be described. 
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Fig. 4 shows a simplified circuit diagram of an error signal generator 
according to an exemplary embodiment of flie present invention. 

As may be taken from Fig. 4, the input signal 14 is input to a Schmitt- 
trigger 50. The output signal of the Schmitt-trigger 50 is mput to an inverter 54 and to 
5 an AND gate 60. The output signal of the inverter 54 is input to an AND gate 58. The 
output signal 16 is provided to another Schmitt-trigger 52, which output is fed to 
another inverter 56 and to the AND gate 58. The output of the inverter 56 is fed into the 
AND gate 60. 

The output signal Signal B is provided via a forward biased diode 64 to 
10 an integrator 70, which input is connected to ground via a capacitor 68. The output 

signal Signal A of the AND gate 60 is provided to another inverter 62 and via a reverse 
biased diode 66 to the input of the integrator 70, 

The operation of the error signal generator depicted in Fig. 4 will now be 
described with reference to Fig. 5. Fig. 5 shows a simpUfied timing chart sketching the 
15 input signal 14, the output signal 16, Signal A, i.e. the output signal of the AND gate 
60, which represents the on-delay 20, Signal B, i.e. the output signal of the AND gate 
58, which represents the ojBF-delay 22, and the output signal of the mtegrator 70. As may 
be taken from the output signal of the mtegrator 70, during the on-delay 20, i.e. during 
the on-time of Signal A, the output signal of the integrator decreases, whereas it 
20 increases during the off-delay 22, i.e. during the on-time of Signal B. 

According to an aspect of the present invention, no integrator 70 is 
provided in Fig. 4. Instead of the output signal of the integrator 70, the voltage across 
the c^acitor 68 is used as the error signal. 

In the following, an exemplary embodiment of a switching-timing 
25 correction circuit 48, which allows for an on-delay increase is described with reference 
to Fig. 6. Fig. 6 shows a simplified circuit diagram of an edge-delay generator according 
to the present invention. 

As may be taken from Fig. 6, the input signal 14 is used to activate 
switch 66, connected to flie gate of the MOSFET 62. Furthermore, the input signal 14 is 
30 appUed to a switch 64 via an inverter 76 for switching the switch 64 connected to the 
gate of MOSFET 60. The switch 64 switches the gate of the MOSFET 60 between a 
current source 70 and a controlled current source 68, which is controlled by means of 
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the error signal. 

The switch 66 switches the gate of the MOSFET 62 between the current 
source 74 and the controlled current source 72, which is controlled by the error signal. 

Grate driver circxxits are normally used to charge and discharge the gate 
5 c^acitance of the MOSFETs 60 and 62. The driven MOSFETs 60 and 62 are switched 
when the respective threshold voltage is reached. According to an aspect of the present 
invention, these gate drivers are controlled externally by means of the error signal, 
which allows to shift the edge of the input signal 14. 

As may be taken from Fig. 6, to use the normal gate driver while 
10 ensuring the compensation of the timing errors of the MOSFETs 60 and 62, two 

separate current controls, namely controlled current sources 68 and 72 are provided to 
control the charging and the discharging of the gate capacities of the MOSFETs 60 and 
62. In this way, both the on and the off delay may be controlled. 

In the circuit depicted in Fig. 6, by reducing the high side charge current, 
15 i.e. the charge current of the gate of the MOSFET 60 and simultaneously reducing the 
low side discharge current, i.e. the discharge current of the gate of the MOSFET 62, the 
rising output edge is made slower, such that flie on-delay is increased. 

It is apparent to the skilled person that instead of the circuit provided in 
Fig. 6, the edge delay implementation may also be realized by means of a digital delay 
20 in the input Une, such as by means of a digital sample and hold gate. 



